Breast and ovarian cancer susceptibility genes BRCA1 and PALB2 have enigmatic roles in cellular growth and mammalian development. While these genes are essential for growth during early developmental programs, inactivation later in adulthood results in increased growth and formation of tumors, leading to their designation as tumor suppressors. We performed genome-wide analysis assessing their chromatin residence and gene expression responsiveness using high-throughput sequencing in breast epithelial cells. We found an intimate association between BRCA1 and PALB2 chromatin residence and genes displaying high transcriptional activity. Moreover, our experiments revealed a critical role for BRCA1 and, to a smaller degree, PALB2 in transcriptional responsiveness to NF-jB, a crucial mediator of growth and inflammatory response during development and cancer. Importantly, we also uncovered a vital role for BRCA1 and PALB2 in response to retinoic acid (RA), a growth inhibitory signal in breast cancer cells, which may constitute the basis for their tumor suppressor activity. Taken together, our results highlight an important role for these breast cancer proteins in the regulation of diverse growth regulatory pathways.
Introduction
BRCA1, BRCA2, and PALB2 correspond to genes whose mutations result in familial cases of breast and ovarian cancers (Castilla et al, 1994; Wooster et al, 1994; Erkko et al, 2007; Rahman et al, 2007) . In addition, PALB2 and BRCA2 are found mutated in Fanconi anemia, a rare congenital syndrome defined by a bone marrow failure that can ultimately result in leukemia Xia et al, 2007; D'Andrea, 2010) . PALB2 mutations may also confer susceptibility to pancreatic cancer (Erkko et al, 2007; Rahman et al, 2007; Reid et al, 2007; Xia et al, 2007; Jones et al, 2009) . The observation of DNA damage-induced nuclear foci containing BRCA1 and RAD51 propelled several laboratories to dissect the role of BRCA complexes in DNA recombination and repair (Scully et al, 1997b) . Moreover, BRCA1 and BRCA2 defective cells are highly susceptible to DNA interstrand cross-links (Venkitaraman, 2009 ) and have been shown to play a critical role in the maintenance of genome stability, acting within the homologous recombination pathway (Moynahan et al, 1999 (Moynahan et al, , 2001 ). In particular, BRCA1 could be targeted to DNA doublestrand breaks through the recently characterized BRCA1-RAP80-Abraxas complex (Sobhian et al, 2007) . Independently, BRCA1 was also implicated in the regulation of transcription. Initial experiments suggested a role for BRCA1 as a co-activator of transcription (Chapman & Verma, 1996; Ouchi et al, 1998) , perhaps through its association with RNA polymerase II (Scully et al, 1997a) . Moreover, we previously identified a distinct BRCA1-containing complex that interacted with components of the SWI/SNF and exhibited chromatin remodeling activity (Bochar et al, 2000) .
We had previously shown that the breast cancer susceptibility proteins BRCA1 and BRCA2 could be detected in nuclear fractions enriched for chromatin (Kumaraswamy & Shiekhattar, 2007 ) and a number of reports implicated BRCA1 in transcriptional regulation (Mullan et al, 2006; Rosen et al, 2006) . Moreover, recombinant BRCA1 was shown to bind specific DNA structures, while BRCA1-containing complexes were reported to interact with specific DNA sequences in vitro (Paull et al, 2001; Cable et al, 2003) . Additionally, PALB2 was suggested to bind DNA upon genetic lesions allowing for BRCA2 localization to DNA repair foci (Xia et al, 2006) . Importantly, functional and biochemical analyses have found PALB2 to bridge the interaction between BRCA2 and BRCA1 proteins (Sy et al, 2009b; Zhang et al, 2009) , and a chromatin association motif within PALB2 named ChAM was described as necessary and sufficient to mediate PALB2 chromatin association in both unperturbed and damaged cells (Bleuyard et al, 2012) .
Here, we describe an unbiased functional genomics approach revealing an important role for BRCA1 and PALB2 in the transcription of RNAPII genes. We found BRCA1 and PALB2 associated with genes with high transcriptional activity in breast epithelial cells, MCF10A. Our functional analysis has uncovered a role for BRCA1 and PALB2 in transcriptional responsiveness to two critical growth regulating pathways, the NF-jB and retinoic acid (RA) signaling.
The NF-jB family of transcription factors consists of five members: p65/RelA, c-Rel, RelB, p50/p105, and p52/p100 (Perkins, 2012) . They reside in the cytoplasm as inactive homodimer or heterodimer associated with an inhibitory IjB family member. Numerous activation stimuli such as tumor necrosis factor a (TNF-a) and interleukin-1 (IL-1) trigger a phosphorylation-dependent degradation of IjB which sets the NF-jB dimer free to translocate to the nucleus and bind sequence-specific promoter elements. NF-jB recruits co-activators such as p300 and CBP to activate the transcription of genes involved in immune and inflammatory reactions, anti-and proapoptotic processes, and cell cycle regulation (Smale, 2012) .
The retinoic acid pathway governs growth, cell differentiation, and tissue development in a variety of cell types and conditions, ranging from embryonic development to adult cell homeostasis. In mammals, RA mediates its effects through association with three different retinoic acid receptors (RAR alpha, beta, and gamma) (Amann et al, 2011) . RARs are ligand-inducible transcriptional activators, which act in heterodimeric combination with the retinoid X receptors (RXRs) via recognition of specific RA-response elements (RAREs) (Amann et al, 2011) . Retinoic acid was previously shown to have anti-proliferative effects in breast cancer cells (del Rincon et al, 2003; Hua et al, 2009 ) and might constitute an important tumor suppressor pathway regulated by the breast cancer proteins.
Results

Genome-wide occupancy of BRCA1 and PALB2
We sought to determine the genome-wide occupancy of the breast cancer susceptibility proteins in breast epithelial cells. We used polyclonal antibodies against BRCA1 and PALB2 to perform chromatin immunoprecipitation (ChIP) followed by high-throughput sequencing (ChIP-seq) in asynchronously growing MCF10A, a nontumorigenic mammary epithelial cell line. Unbiased clustering of ChIP-seq reads revealed a compelling overlap between BRCA1 and PALB2 binding pattern across human RefSeq genes ( Fig 1A) . The highest co-occupied cluster (Fig 1A, represented by class I) comprises 373 genes, displaying greatest transcriptional activity as revealed by RNA sequencing (Fig 1, A Supplementary Fig S1B) . The average read profiles of the 373 target genes (Fig 1B) reflect the occupancy of BRCA1 and PALB2 over the entire gene body. Interestingly, while BRCA1 peaks at the transcription start site (TSS) and gradually decreases over the reading frame, PALB2 reads persist throughout the locus and peak at the 3 0 untranslated region (3 0 UTR) (Fig 1B) . Additionally, a large number of transcriptionally active genes were occupied by BRCA1 and, to a smaller extent, by PALB2 on their TSS alone (represented by class II, Fig 1A, Supplementary Fig S1A, Supplementary Table S1 ). While BRCA1 and PALB2 also co-occupied several loci encoding for uridylate-rich small nuclear RNAs (U snRNAs) (Supplementary  Fig S1C,D and Supplementary Table S1 ), BRCA1 alone was detected at several tRNAs as well as other RNAPIII genes (Supplementary Table  S1 ), suggesting a broader role for BRCA1 in transcriptional regulation and DNA repair. Such diverse genomic localization by BRCA1 may represent the distribution of distinct BRCA1-containing complexes, including the BRCC and BRCA1/BACH1 complexes that are independent of PALB2 (Dong et al, 2003; Kumaraswamy & Shiekhattar, 2007) . We validated the BRCA1 and PALB2 localization across multiple cell types, using a number of antibodies, and confirmed the specificity of their signal following the depletion of BRCA1 and PALB2 using RNA interference ( Supplementary Fig S2A-E) . Moreover, we performed an additional ChIP-seq using a monoclonal antibody against BRCA1, which displayed a similar pattern of occupancy for BRCA1 as that obtained using polyclonal antibodies (Fig 2A-C) . Furthermore, we performed additional ChIP followed by real-time PCR using antibodies against Flag epitope in cell lines expressing stably integrated Flag-PALB2, which corroborated our results using anti-PALB2 antibodies ( Supplementary Fig S2F) .
Association of BRCA1 and PALB2 with elongating RNAPII
The chromatin residence of BRCA1 and PALB2, occupying the 5 0 -end and extending into the body of the transcriptionally active genes (Fig 1) , suggested a functional association between BRCA1/PALB2 and the elongating form of RNAPII. Indeed, recent in vitro studies described the association of BRCA1 with the C-terminal domain (CTD) of RNAPII (Moisan et al, 2004) , and the ubiquitination of elongating polymerase by the BRCA1/BARD1 heterodimer (Kleiman et al, 2005) . To explore the association of BRCA1 and PALB2 with RNAPII in vivo, we compared our genome-wide occupancy of BRCA1 and PALB2 to an RNAPII ChIP-seq experiment that we previously performed in MCF10A cells using polyclonal antibodies (N-20), which recognize RPB1 independent of its phosphorylation status (Baillat et al, 2012) . Analysis of 373 highly active genes revealed a similar pattern of occupancy for RNAPII and the breast cancer susceptibility proteins ( Fig 3A) . Interestingly, BRCA1 occupancy peaks with initiating form of RNAPII at the 5 0 -end of genes, while PALB2 occupancy resembles that of elongating RNAPII (Fig 3A) . To directly analyze the elongating form of RNAPII, we performed ChIP-seq using antibodies against the Ser2-phosphorylated form of RNAPII (P-Ser2). Genes targeted by BRCA1 and PALB2 display high levels of Ser2 phosphorylation (Fig 3B) . Importantly, the average profile of elongating form of RNAPII is highly similar to that of PALB2 at highly active genes (Fig 3C) , while the BRCA1 profile reflects its association with the promoter proximal RNAPII (Fig 1B-C) . Indeed, unbiased clustering of genes occupied by PALB2 and elongating form of RNAPII revealed a strikingly similar profile at all RefSeq genes (Fig 3C and Supplementary Fig S3) . To assess whether the association of BRCA1 and PALB2 with active genes requires the elongating form of RNAPII, we inhibited transcriptional elongation using flavopiridol, an inhibitor of RNAPII elongation (Chao & Price, 2001; Rahl et al, 2010) . Treatment of MCF10A cells with flavopiridol resulted in concomitant decrease in transcriptional activity as well as the occupancy of BRCA1, PALB2, and elongating form of RNAPII at the 3 0 -end of all genes tested (Fig 3D) . Since flavopiridol has been reported to also interact with duplex DNA and elicit a DNA damage response (Bible et al, 2000) , we asked whether the treatment of cells with other DNA damage-inducing agents could alter occupancy of BRCA1, PALB2, and elongating form of RNAPII. Treatment of MCF10A cells with mitomycin C (MMC) led to a reduction in the occupancy of BRCA1, PALB2, and Ser-2 phosphorylated form of RNAPII concomitant with a corresponding reduction in transcription of a set of candidate BRCA target genes ( Supplementary Fig S4A,B) . While the treatment of MCF10 A cells with flavopiridol elicited a larger reduction in BRCA1 and PALB2 occupancy than that observed with MMC (compare Fig 3D and Supplementary Fig S4) , it is likely that a component of the BRCA1 and PALB2 changes following flavopiridol treatment is due to the induction of the DNA damage response. Taken together, our results suggest a close functional association of BRCA1 and PALB2 with RNAPII and point to a role for PALB2 in some aspects of transcriptional elongation or 3 0 -end processing.
BRCA1 and PALB2 co-regulation of gene expression
To assess the functional impact of BRCA1 and PALB2 in gene expression, we depleted their levels by infecting MCF10A cells with lentiviral vectors containing small RNA hairpins (shRNAs) against BRCA1 and PALB2 and used non-targeting shRNAs as a control (Fig 4A) . Following the depletion of ribosomal transcripts, total RNA was subjected to high-throughput sequencing. We measured changes in transcription for genes displaying highest levels of BRCA1 and PALB2 occupancy, since such changes should reflect the direct effect of their knock-down (Supplementary Table S2 ). Depletion of BRCA1 and PALB2 led to a concomitant reduction in a number of highly active genes including IL-8, CXCL1, and SOD2 loci (Fig 4B) . Overall, depletion of BRCA1 or PALB2 led to the inhibition of transcription of nearly 1/3 of the highly active (class I) genes (101 and 92, respectively, out of a total 373 genes), with nearly half of the genes (56) displaying a co-regulation by both BRCA1 and PALB2 (Fig 4B, C, D) . In contrast to genes whose transcription required BRCA1 and PALB2, a smaller set of genes were upregulated and there was very little overlap between these genes following the depletion of each protein (Fig 4C) . We validated C A snapshot of NFKBIA locus (Hg18 UCSC Genome Browser). Genome-aligned tracks represent raw read numbers from ChIP-seq experiments. RNA-seq data from the poly-adenylated fraction of RNA are also shown, indicating that NFKBIA is highly transcribed. D BRCA1 and PALB2 occupy 4 gene loci encoding for members of the chemokine family (for which the gene symbols are shown), within a 400-megabase region. Such profiles coincide with sustained mRNA transcription. The remaining 6 loci that are not targeted by the BRCA complex do not show evidence of transcription.
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BRCA1 and PALB2 regulate NF-jB-responsive genes
Since depletion of BRCA1/PALB2 led to a significant down-regulation of a subset of genes, we surmised that the breast cancer proteins may serve as co-activators for specific transcription pathways. We set out to test this hypothesis with an in silico analysis of BRCA1/PALB2 target genes. We searched for upstream regulators of genes whose expression required BRCA1 and PALB2 using a prediction algorithm based on a literature compiled dataset (IPA Upstream Regulator Analysis). The analysis on the group of 56 commonly regulated genes revealed NF-jB as the most significant transcriptional regulator (P < 4.31E-12) ( Fig 5A) . Additionally, motif analysis on the group of 373 BRCA1/PALB2 occupied genes revealed a strong enrichment in motifs bound by the REL homology domain (Supplementary Table S3 ). Indeed, 3 out of the 4 top human motifs correspond to NF-jB pathway (Supplementary Table S3 ). We depleted p65/RelA and confirmed the specific regulation of BRCA1 and PALB2 co-regulated genes by NF-jB in MCF10A cells (Fig 5B and C) . Importantly, depletion of p65/RelA resulted in a concomitant reduction in PALB2, BRCA1, and RNAPII at NF-jB-responsive promoters, demonstrating the p65/RelA-mediated recruitment of BRCA1 and PALB2 ( Fig 5D) . Depletion of p65/RelA did not result in a significant decrease in BRCA1, PALB2, or RNAPII occupancy for genes not targeted by p65/RelA ( Fig 5E) . We next examined the role of BRCA1 and PALB2 in TNF-a responsiveness in the breast cancer cell line MCF7. Treatment of MCF7 cells with 10 ng/ml TNF-a for 1 h resulted in increased occupancy of p65/RelA, BRCA1, and PALB2 at the promoter of candidate NF-jB target genes ( Fig 6A) . Moreover, in contrast to requirement for p65/RelA in the recruitment of BRCA1 and PALB2 (Fig 5D) , depletion of BRCA1 or PALB2 did not affect the occupancy of p65/ RelA (Fig 6B,C; Supplementary Fig S5A) . Next we performed gene expression analysis using microarrays to determine the genomewide responsiveness of MCF7 cells following the treatment with TNF-a. Overall, 33 genes (Supplementary Table S4 ) displayed a significant activation following the treatment of MCF7 cells with TNF-a (log2(fold change)>0.4, P < 0.01). We validated the response to TNF-a using real-time PCR for eight genes in three independent experiments. Additionally, we examined CXCL1, CXCL3, NFKBIA, A BRCA1 occupancy, as determined by the polyclonal I-20 antibody (Fig 1) , was compared to a mouse monoclonal antibody (D-9). Unbiased clustering reveals a strong correlation between the two independent ChIP-seq analyses of BRCA1 at all Human RefSeq Genes (Hg 18). B,C Raw ChIP-seq data in MCF10A cells show a very similar pattern of chromatin binding at two large genomic regions encompassing the highly transcribed noncoding RNAs NEAT1 and MALAT1 (upper panel) and a cluster of histone genes on chr6 (lower panel). A closer look at individual genes (SOD2, NFKBIA) also reveals a very similar pattern.
Alessandro Gardini et al BRCA1/PALB2 mediate NF-jB and RA response The EMBO Journal and SOD2 (which while responsive to TNF-a using real-time PCR were not reliably detected on the microarray). While depletion of p65/RelA resulted in the loss of TNF-a responsiveness in 31 of 33 genes represented on the array and all four additional genes examined (35 of 37 genes examined), BRCA1 depletion led to a diminished responsiveness to TNF-a for a subset A Depletion of BRCA1 and PALB2 in MCF10A cells with lentiviral-transduced shRNAs. While BRCA1 was directly detected using Western blot analysis, PALB2 was immunoprecipitated using anti-PALB2 antibodies in MCF10A (using the same antibodies employed for ChIP and ChIP-seq). Western blots were analyzed using antibodies to PALB2 and BRCA2. B RNA-seq analysis of MCF10A cells after lentiviral-mediated depletion of BRCA1 and PALB2. Snapshots of IL-8, CXCL1, and SOD2 genes showing a significant down-regulation. Raw reads were aligned to the Hg18 version of the Human Genome Browser. C Comparative analysis of adjusted FPKM at the 373 BRCA1 and PALB2 common target genes. Approximately 40% of genes occupied by the breast cancer proteins are regulated by either BRCA1 (141) or PALB2 (136) with a log2 (fold change) > 0.4. There is a large overlap (> 50%) between the group of genes down-regulated in both conditions (P < 0.01) as opposed to up-regulated genes, suggesting that BRCA1 and PALB2 mainly act as positive transcriptional regulators. D Validation of the effect of BRCA1 and PALB2 in gene expression. A panel of 8 genes that are regulated by RNA-seq were validated by qPCR across 5 independent experiments. All genes are significantly regulated (P > 0.01). Knock-down efficiency of BRCA1 and PALB2 was also assessed. A The average profiles of RNAPII, BRCA1, and PALB2 across class I genes (n = 373) in MCF10A cells. The average read density of RNAPII peaks at the transcription start site and remains elevated across the entire gene body similar to the BRCA proteins. B Genome-wide analysis of elongating RNAPII was performed in MCF10A cells using antibodies against phosphorylated Ser2 of the CTD (P-Ser2). Snapshots of aligned reads for P-Ser2, PALB2, BRCA1, and RNAPII show a compelling overlap between the four ChIP-seq datasets at two representative BRCA1/PALB2 target genes. Although spanning the entire gene body, P-Ser2 peaks beyond the 3 0 end of the gene (multiple isoforms in the case of SOD2), similar to PALB2.
C Unbiased clustering of PALB2, BRCA1, and P-Ser2 reveals an intimate association between the genes implicated in familial breast cancer and the elongating form of RNA polymerase II on the left panel (see Supplementary Fig S3 for the whole cluster). The right panel depicts the average read profiles of the most actively transcribed genes (comprising approximately 300 genes). D Inhibition of elongation abrogates BRCA1 and PALB2 recruitment at target genes. MCF10A cells were treated with flavopiridol for 2 h and subjected to ChIP analysis at the 3 0 end of a group of highly active genes. The stacked bars indicate the residual amount of BRCA1, PALB2, RNAPII, and P-Ser2 after flavopiridol treatment, relative to untreated cells (100%). Average of three IPs is shown. A dramatic decrease in elongating RNAPII is mirrored by the loss of over 70-80% of the BRCA1-PALB2 complex at chromatin. RT-PCR analysis of the mRNA levels after flavopiridol treatment is also shown. Alessandro Gardini et al BRCA1/PALB2 mediate NF-jB and RA response The EMBO Journal A Bioinformatic analysis of the upstream regulators of BRCA1-and PALB2-regulated genes uncovered NF-jB as the foremost significant transcription factor involved. All NF-jB target genes that are regulated by the BRCA complex are depicted in the diagram. The analysis and the diagram were obtained using Ingenuity IPA Upstream Regulator Analysis. B Validation of p65/RelA depletion after lentiviral shRNAs infection. BRCA1 and PALB2 protein levels are not affected. C Depletion of p65/RelA in MCF10A cells with two distinct shRNA constructs nearly abrogates the expression of IL-8 and greatly impairs CXCL1 and NFKBIA transcription, as opposed to a non-targeting hairpin (CTRL), while BRCA1 and PALB2 mRNA levels are not affected. FOS and HOXA1 were used as control genes not targeted by NF-jB. Samples were collected 72 h post-infection. The average values of three independent experiments are shown (P < 0.0005 for IL-8, NFKBIA, and CXCL1 regulation; non-significant for FOS and HOXA1). D ChIP analysis upon p65 depletion at 72 h post-infection reveals a dramatic change in BRCA1, PALB2, and RNAPII recruitment at the transcription start site of IL-8, CXCL1, and NFKBIA genes. p65/RelA occupancy was also assessed. E ChIP analysis upon p65 depletion reveals minimal change in BRCA1, PALB2, and RNAPII recruitment at the transcription start site of FOS and HOXA1, whose expression is not affected by p65 depletion.
The of genes (18 out of 37; Fig 6D) . A smaller group of genes (10 out of 37) displayed a significant decrease in their response following PALB2 depletion (Fig 6E and Supplementary Table S4) . A large number of TNF-a-responsive genes (24 out of 37) showed a significant decrease in their basal activity following the depletion of p65/RelA, BRCA1, or PALB2 (Fig 6D,E and Supplementary Table S4, P < 0.05). This is also indicated as a heat map for all 33 responsive genes on the array prior and following the stimulation with TNF-a Figure 6 . BRCA1 and PALB2 affect TNF-a-mediated response at NF-jB target genes.
A ChIP analysis of TNF-a-stimulated MCF7 cells shows a substantial recruitment of p65/RelA, BRCA1, and PALB2 at a set of target genes. Cells were analyzed after 1 h of treatment. B Depletion of BRCA1, PALB2, and p65 in MCF7 cells with lentiviral-transduced shRNAs. Due to PALB2 antibodies poorly performing in a total extract, we immunoprecipitated PALB2 before testing its depletion by immunoblot. C Impact of BRCA1, PALB2, and p65/RelA depletion on p65/RelA recruitment upon TNF-a stimulation in MCF7 cells. ChIP analysis was performed after 1 h stimulation with TNF-a and reveals that neither BRCA1 nor PALB2 depletion affects p65/RelA binding to the TSS of its target genes. D Transcriptional effects of TNF-a at selected genes in MCF7 cells. Depletion of BRCA1 but not PALB2 significantly impairs activation in all genes tested (P < 0.02) with the exception of NFKBIA. Most genes display attenuation of basal transcription following BRCA1, PALB2, and p65 depletion. E Transcriptional effects of TNF-a at selected genes in MCF7 cells. Depletion of BRCA1 and PALB2 impairs gene activation mediated by NF-jB at IL-8, PHLDA1, BIRC3
(as resulted from the microarray analysis), and SOD2 (uncovered as a target gene in MCF10A cells). SOD2, IL-8, and BIRC3 also show a pronounced attenuation of basal transcription. All four genes displayed a significant attenuation of their responsiveness following the depletion of BRCA1 and PALB2 in three independent experiments (P < 0.05).
ª Supplementary Fig S6) . Indeed, due to diminished changes in basal activity, the fold induction of most TNF-a-responsive genes was not significantly affected ( Supplementary Fig S7) . Moreover, due to decreased basal activity following the depletion of BRCA1 and PALB2, some genes displayed increased fold induction following TNF-a stimulation (Supplementary Fig S7) . It is also important to note that infection of MCF10A or MCF7 cells with viral vectors used in our depletion studies may activate a component of the NF-jB pathway, which may contribute to the basal NF-jB responsiveness in MCF10A and MCF7 cells. Moreover, while depletion of BRCA1 and PALB2 did not elicit a change in expression of some TNF-a-responsive genes such as IRF, BCL3, or MAP3K8, we could still detect increased recruitment of BRCA1 and PALB2 on these genes following TNF-a induction ( Supplementary  Fig S5B) , suggestive of additional redundant pathways for TNF-a responsiveness of these genes.
Next we asked whether BRCA1 mutant cell line HCC1937 displayed aberrant responsiveness to TNF-a. HCC1937 cells synthesize a truncated BRCA1 protein that is a product of a disease-producing mutant allele (5382insC) and no wild-type protein Tomlinson et al, 1998) . We used HCC1937 cells that were reconstituted with either wild-type BRCA1 construct or vector alone (Scully et al, 1999) . We observed a robust enhancement of HCC1937 cells reconstituted with wild-type BRCA1 compared to the parental lines expressing an empty vector, consistent with the role for BRCA1 in TNF-a (Fig 7A) . To gain further insight into the mechanism by which BRCA1 and PALB2 mediate responsiveness to TNF-a, we asked whether the depletion of BRCA1 or PALB2 decreases the recruitment of total RNAPII, its serine 2 or serine 5 phosphorylated forms. As shown earlier, while the depletion of BRCA1 or PALB2 did not affect the association of p65/RelA with TNF-aresponsive genes (Fig 6C) , recruitment of RNAPII and its phosphorylated forms was substantially diminished following BRCA1 or PALB2 depletion in genes that displayed corresponding changes in their transcription (Fig 7B) . These results indicate that while BRCA1 and PALB2 occupy the body of transcriptionally active genes and may fulfill roles in productive elongation (Fig 3) , their depletion leads to substantial reduction in the recruitment of RNAPII to the TNF-a-responsive genes. Taken together, depletion of p65/RelA had a greater effect on TNF-a responsiveness than that of BRCA1 or PALB2 depletion, reflecting the fact that there may be other NF-jB co-activators and that BRCA1/PALB2 may only confer a component of the TNF-a response.
BRCA1 and PALB2 are critical for responsiveness to retinoic acid in breast cancer cells Since BRCA1 and PALB2 proteins occupy a large number of transcriptionally active genes, we envisage that they may play a broader role in stimulus-dependent transcriptional activation. To test this contention, we examined three well-characterized signaling pathways, implicated in breast cancer: p53, epidermal growth factor (EGF), and retinoic acid (RA). We did not observe a significant reduction in transcriptional responsiveness following the depletion of BRCA1 or PALB2 in a set of p53-or EGF-responsive genes (Supplementary Fig S8A,B) . However, analysis of the RA signaling, which was previously shown to stimulate cellular differentiation and display anti-proliferative effects in breast cancer cells (Donato & Noy, 2005; Hua et al, 2009) , revealed a compelling requirement for BRCA1 and PALB2. Treatment of MCF7 cells with RA led to a concomitant increase in the recruitment of RNAPII, BRCA1, and PALB2 on HOXA1 and HOXA2 genes supporting a direct function for these breast cancer susceptibility proteins in RA responsiveness (Fig 8A,  B) . Importantly, BRCA1 and PALB2 are not only recruited at the TSS following stimulation with RA but also accumulate at the 3 0 end of genes (Fig 8A,B) . We next turned to examining the functional impact of BRCA1 and PALB2 on RA responsiveness. While treatment with RA induced a~50-and~20-fold activation of HOXA1 and HOXA2 genes, respectively, depletion of PALB2 or BRCA1 reduced A Response to TNF-a was investigated in HCC1937 cells, which carry one defective allele of BRCA1. Cells stably transfected with the empty vector or stably reconstituted with wild-type BRCA1 were stimulated with TNF-a for 1 h. Fold induction relative to t = 0 h for each cell line was calculated. Data are normalized to GUSB expression. B Analysis of RNAPII and its phosphorylation status in MCF7 cells depleted of BRCA1, PALB2, or p65. qChIP was performed after TNF-a stimulation and reveals a substantial impairment of RNAPII recruitment after PALB2 and BRCA1 depletion, consistent with the effect on mRNA (Fig 6E) . BRCA1 also impairs CXCL1, CXCL3, and CCL20 activation (Fig 6D) , which reflects in a severe reduction of RNAPII recruitment.
The EMBO Journal Vol 33 | No 8 | 2014 ª 2014 The Authors the RA-induced activation to tenfold for each gene (Fig 8C) . Importantly, depletion of retinoic acid receptor (RARa) diminished the recruitment of BRCA1, PALB2, and RNAPII following RA treatment concomitant with decreased RA responsiveness (Fig 8D and Supplementary Fig S9A) . These results point to a role for RARa in the recruitment of BRCA proteins similar to that for the p65/RelA protein.
To assess the breadth of action of PALB2 and BRCA1 in RA responsiveness, we treated MCF7 cells with RA and performed a gene expression profiling using microarrays. Importantly, depletion of BRCA1 and PALB2 in three independent experiments blunted the responsiveness of nearly all RA-responsive genes (248 genes, Supplementary Table S5 ), underscoring the importance of these proteins in RA signaling (Fig 9A) . Besides genes with known roles in RAmediated apoptosis signaling, many genes involved in oxidative stress and interferon signaling lost their responsiveness to RA following the depletion of BRCA1 and PALB2 (Fig 9B) .
RA induces growth suppression in a wide range of adult cells, including breast cancer cells (del Rincon et al, 2003; Hua et al, 2009) . We tested the hypothesis that depletion of BRCA1 and PALB2, which resulted in impaired transcriptional response to RA, may also diminish the RA-mediated growth suppression using MCF7 cells. Indeed, depletion of BRCA1 or PALB2 resulted in a significant decrease in the RA-mediated growth suppression (Fig 9C  and Supplementary Fig S9B) , consistent with their roles in transcriptional co-activation of RA-responsive genes. A, B Recruitment of BRCA1, PALB2, and RNAPII at the transcription start site and the 3 0 end of HOXA1 and HOXA2 genes upon stimulation with 10 lM RA. Wild-type MCF7 cells were collected at 0, 6 and 24 h following stimulation and cross-linked in formaldehyde for ChIP analysis. The breast cancer proteins are loaded on chromatin at HOX loci over time, peaking at 24 h, with recruitment kinetics similar to RNAPII. C BRCA1 and PALB2 are required for proper activation of HOX genes. MCF7 cells were infected with lentiviral shRNAs against PALB2 and BRCA1. Stably transduced cells were stimulated with retinoic acid for 24 h (RA +). The expression analysis of HOXA1 and HOXA2 expression was normalized against GUSB expression and is reported as a fold increase over unstimulated cells (RA À) infected with a non-targeting construct (CTRL). HOXA1 activation is dampened by over 70% upon depletion of the breast cancer proteins (P < 0.001 over three independent experiments); HOXA2 activation is also significantly reduced (P < 0.02) after silencing of PALB2 (50%) and BRCA1 (65%). D Recruitment of BRCA1 and PALB2 at HOX genes is RARa dependent. Chromatin occupancy of RNAPII, BRCA1, and PALB2 was analyzed upon 6 h of RA stimulation in MCF7 cells infected with lentiviral shRNAs against RARA. qChIP data reveal a defective recruitment of BRCA1 and PALB2, along with RNA polymerase, at HOXA1 and HOXA2 proximal promoters. RNA levels of HOXA1, HOXA2, and RARA are shown in Supplementary Fig S7A. ª 2014 The Authors The EMBO Journal Vol 33 | No 8 | 2014
Alessandro Gardini et al BRCA1/PALB2 mediate NF-jB and RA response The EMBO Journal
Discussion
The novelty of this work lies in the following. First, it demonstrates the genomic occupancy of BRCA1 and PALB2 using high-resolution ChIP sequencing. Previous studies had suggested the occupancy of these proteins on chromatin; however, the comprehensive high-resolution analysis of the association of these proteins with chromatin had not been performed. Second, it shows that BRCA1 and PALB2 co-occupy a large number of protein-coding genes and its localization to a large extent tracks with that of RNAPII. Third, it provides evidence for functional association of BRCA1 and PALB2 with the elongating form of RNAPII, consistent with their occupancy on the body of the protein-coding genes. Fourth, it shows a requirement for BRCA1 and PALB2 in p65/RelA-mediated NF-jB signaling. Fifth, it provides support for the BRCA1 and PALB2 proteins as co-activators in RA signaling, through a functional genome-wide analysis. Analysis of ChIP-seq data revealed that BRCA1 occupies a large number of protein-coding genes. Importantly, BRCA1 was also associated with nearly all RNA polymerase III (RNAPIII) genes, suggesting a role for this protein in the regulation of RNA-PIII genes (Veras et al, 2009) . Indeed, BRCA1 displayed a greater occupancy genome-wide than that observed with PALB2. Since BRCA1 is a component of number of multiprotein complexes including the ubiquitin hydrolase complex BRCC and BRCA1/ BACH1 complexes (Dong et al, 2003; Kumaraswamy & Shiekhattar, 2007) , such diverse genomic localization may represent the distribution of distinct BRCA1-containing complexes. This study focused on the functional analysis of genomic sites that displayed a concomitant chromatin residence for BRCA1 and PALB2. Importantly, our functional analysis revealed that the NF-jB signaling pathway targets a large number of highly active genes whose expression is co-regulated by BRCA1 and PALB2. Indeed, we demonstrate that BRCA1 and PALB2 are recruited to such promoters in a p65/RelA-dependent manner and that the loss of p65/ RelA at target genes resulted in diminished BRCA1 and PALB2 occupancy. However, while we observed a great reduction in A Global RA transcriptional response is diminished following BRCA1 and PALB2 depletion. The induction of RA top-responding genes at 24 h has been analyzed in MCF7 cells using gene expression arrays. The heatmap representation covers 248 microarray probes up-regulated by retinoic acid in normal conditions (CTRL shRNAs, expression fold change of t = 24 h over t = 0 h, log2(fold change) > 0.4). The color scale represents the modified log2 ratio (sweep function R, scaled by row) between the induced (24 h) and the basal state (0 h) of every shRNA condition. The color variation accounts for the difference in induction across the three conditions (Red = augmented induction, Green = decreased induction). Results from three independent experiments are shown. B The table lists some of the most significant pathways regulated by retinoic acid (RA) in MCF-7 cells, including RA-mediated apoptosis and NRF2-dependent oxidative stress response (data were obtained using Ingenuity canonical pathways analysis). C PALB2 and BRCA1 depletion attenuates RA growth suppression. MCF7 cells stably transfected with shRNAs against BRCA1, PALB2, and CTRL were plated at subconfluent density and treated with 10 lM RA for 5 days. Data are reported as percent of viable cells compared to the untreated control. There is a significant difference between CTRL and BRCA1/PALB2-depleted cells at day 4 and day 5 (P < 0.05).
The EMBO Journal Vol 33 | No 8 | 2014 ª 2014 The Authors basal activity of NF-jB-responsive genes following the depletion of BRCA1 and PALB2, the fold induction of these genes following TNF-a stimulation was not significantly affected. This effect was predominantly due to a decreased transcriptional activity of these genes following BRCA1 and PALB2 depletion prior to their treatment with TNF-a. Since NF-jB subunits have been shown to induce senescence and promote DNA repair (Wang et al, 2009; Chien et al, 2011; Jing et al, 2011) , the loss of ongoing NF-jB signaling following the inactivation of BRCA1 or PALB2 could contribute to increased genomic instability associated with breast and ovarian cancers. These studies are also consistent with recent findings that NF-jB functions as a critical pathway in BRCA1-induced chemoresistance (Harte et al, 2013) . Moreover, we analyzed a published gene expression dataset of transformed mammary epithelial cells derived from individuals with BRCA1 mutations and we found that these cells bear a significantly down-regulation of the NF-jB target genes as compared to transformed mammary cells from BRCA1 wild-type donors (Proia et al, 2011) (Supplementary Table S6 ). Furthermore, while these results are consistent with a previous report indicating the association of p65/RelA with the N-terminus of BRCA1 (Benezra et al, 2003) , we were unable to find a physical association between p65/RelA and BRCA1 in our model system. It is likely that such BRCA1 and PALB2 interaction with p65/RelA may take place once these proteins are in association with DNA or chromatin. Furthermore, other BRCA1-interacting partners such as RNA helicase A or CtIP may promote such physical interaction (Tetsuka et al, 2004; Volcic et al, 2012) .
To extend our analysis of BRCA1 and PALB2 in transcriptional responsiveness, we assessed their role in RA signaling which was shown to inhibit the proliferation of a variety of breast cancer cell lines (Liu et al, 1998; Donato & Noy, 2005; Hua et al, 2009 ). Similar to their roles in p65/RelA signaling, BRCA1 and PALB2 are recruited to the RA-responsive promoters following the treatment of breast cancer cells with RA and play an important role in transcriptional activation. We determined a requirement for BRCA1 and PALB2 in RA signaling not only for such classically responsive genes such as the HOX cluster but also for nearly all genes whose activation required RA treatment. Importantly, depletion of BRCA1 or PALB2 diminished the RA-mediated growth suppression of breast cancer cells. Taken together, these results identify a role for BRCA1 and PALB2 in transcriptional responsiveness for at least two important signaling pathways, NF-jB and RA, whose activity is critical in developmental regulation and oncogenesis. Such a contention is consistent with recent studies showing that BRCA1 haploinsufficiency drives lineage differentiation defects (Liu et al, 2008; Proia et al, 2011) , explaining the recurrence of a very specific molecular and cellular phenotype in BRCA1-defective tumors. The requirement of BRCA1 in the transcriptional response to a differentiation stimulus, such as RA, suggests that the co-activator function of BRCA1 might be at the center of a regulatory network that is critical for the development of mammary epithelial cells. In the light of the breadth of their genomic distribution, we envision that BRCA1 and PALB2 may play a more general role in transcriptional regulation responding to diverse sets of growth regulatory signals.
The chromatin residence of BRCA1 and PALB2, which extends into the body of the transcriptionally active genes, suggests a functional role for these proteins in regulating transcriptional elongation. Indeed, previous reports uncovered an association between PALB2 and the chromatin regulator MRG15 (Sy et al, 2009a) . MRG15 by virtue of its chromodomain was shown to interact with di-and trimethylated histone H3 lysine 36, a chromatin mark highly correlated with transcriptional elongation (Zhang et al, 2006) . Therefore, it is likely that the distinct enrichment of PALB2 at the 3 0 -end of the transcriptionally active genes is reflective of its association with MRG15. Indeed, a functional role for BRCA1 and PALB2 in transcriptional elongation is consistent with the loss of these proteins at the 3 0 -end of transcriptionally active genes following the treatment of MCF10A cells with the transcriptional elongation inhibitor flavopiridol, concomitant with the decreased levels of elongating form of RNAPII. However, since flavopiridol could elicit the DNA damage response pathway, the loss of BRCA1 and PALB2 occupancy at target sites following the treatment of cells with this drug may reflect a re-localization of these proteins to DNA damage sites. Whether BRCA1 and PALB2 are required for transcriptional responsiveness to other transcriptional activators is not known. Our preliminary analysis indicated that BRCA1 and PALB2 do not play a significant role in a set of candidate genes tested for their responsiveness to either EGF signaling or transcriptional activation following the induction of p53 pathway by nutlin-3. Therefore, based on our current data, we envision that mutations in BRCA1 or PALB2 will render affected cells incapable of responding to certain incoming stimuli. It is quite likely that breast and ovarian cancer susceptibility genes may play a broader role as guardian of the genome and their deregulation may impact a much broader spectrum of cancers than those of hereditary breast, ovarian, and pancreatic cancers.
Materials and Methods
Cell culture
Breast epithelial MCF10A cells were cultivated in serum-free DMEM/F12 1:1 (Invitrogen) and supplemented with the following: 2 mM L-glutamine, 50 ng/ml cholera toxin, 10 lg/ml bovine insulin, 500 ng/ml hydrocortisone, 10 ng/ml of recombinant EGF, and 50 lg/ml bovine pituitary extract. HeLa and MCF7 cells were grown in high-glucose DMEM, supplemented with 2 mM L-glutamine and 10% fetal bovine serum.
Antibodies
All BRCA1 antibodies were obtained from Santa Cruz Biotechnology: rabbit polyclonal I-20 was used for ChIP-seq and validation by qChIP, polyclonal D-20 was also used in qChIP validation, mouse monoclonal D-9 was used for ChIP-seq, qChIP validation and the following ChIP assays, this latter antibody was also used in immunoblot. Rabbit anti-PALB2 antibodies (Bethyl) and antip65 antibodies (Santa Cruz) were used for either ChIP or immunoblot. Western blot analysis of c-tubulin and CBP80 was carried out using mouse monoclonal antibodies from Santa Cruz. Antibodies against RNAPII were obtained from Bethyl (against phosphorylated Ser2 of the CTD) and from Santa Cruz (N-20, recognizing all forms of RNAPII).
ChIP-seq
25-30 × 10 6 asynchronously growing MCF10A cells were crosslinked with 1% formaldehyde for 10 min at room temperature, harvested, and washed twice with 1x PBS. The pellet was resuspended in ChIP lysis buffer (150 mM NaCl, 1% Triton X-100, 0.7% SDS, 500 lM DTT, 10 mM Tris-HCl, 5 mM EDTA) and chromatin was sheared to an average length of 200-400 bp, using a Bioruptor sonication device (20 min with 30-second intervals). The chromatin lysate was diluted with SDS-free ChIP lysis buffer and aliquoted into single IPs of 2.5 × 10 6 cells each. A specific antibody or a total rabbit IgG control was added to the lysate along with Protein A magnetic beads (Invitrogen) and incubated at 4°C overnight. On day 2, beads were washed twice with each of the following buffers: mixed micelle buffer (150 mM NaCl, 1% Triton X-100, 0.2% SDS, 20 mM Tris-HCl, 5 mM EDTA, 65% sucrose), buffer 500 (500 mM NaCl,% Triton X-100, 0.1% Na deoxycholate, 25 mM HEPES, 10 mM Tris-HCl, 1 mM EDTA), LiCl/detergent wash (250 mM LiCl, 0.5% Na deoxycholate, 0.5% NP-40, 10 mM Tris-HCl, 1 mM EDTA), and a final wash was performed with 1× TE. Finally, beads were resuspended in 1× TE containing 1% SDS and incubated at 65°C for 10 min to elute immunocomplexes. Elution was repeated twice, and the samples were further incubated overnight at 65°C to reverse cross-linking, along with the untreated input (2.5% of the starting material). After treatment with 0.5 mg/ml proteinase K for 3 h, DNA was purified with Wizard SV Gel and PCR Clean-up system (Promega) according to the manufacturer's protocol and eluted in nuclease-free water. Eluates from different IPs were pooled together and concentrated by speed-vac. DNA concentration was assessed with Quant-it PicoGreen dsDNA kit (Invitrogen) and 5-10 ng was used to generate the sequencing libraries. DNA fragments of~150-to 400-bp range were isolated by agarose gel purification, ligated to primers, and then subject to Solexa sequencing using the manufacturer's recommendations (Illumina, Inc.).
ChIP-seq and RNA-seq data analysis
All RNA-seq and ChIP-seq raw and processed files are available at GEO (accession number GSE45715). ChIP-seq and RNA-seq data were obtained using an Illumina Genome Analyzer II. ChIP-seq 36-bp reads were aligned to the human genome hg18 using ELAND. For further bioinformatic analysis, we selected reads that uniquely aligned to the genome. In addition, multiple reads with an identical start site and mapping to the same strand were considered as experimental artifacts; therefore, they were counted only once. Snapshots of raw ChIP-seq data presented throughout the figures were obtained as follows: BigWiggle files for every ChIP-Seq were generated using Bed Tools and the utility bedGraphToBigWig (http:// hgdownload.cse.ucsc.edu/admin/exe/linux.x86_64/); these tracks were then uploaded into the UCSC Genome Browser. RNA-seq data for wild-type MCF10A (36-bp single reads) were obtained using the Epicentre (Illumina) mRNA-seq kit, generating a polyadenylated transcript library. MCF10A cells expressing shRNAs (PALB2, BRCA1, and control) were collected after 5 days from infection; RNA was depleted of ribosomal RNA using RiboZero (Epicentre) and processed with the ScriptSeqv2 kit along with ScriptSeq Index PCR primers (Epicentre) to generate a strand-specific library of total RNA. 72-bp single reads were obtained using an Illumina Genome Analyzer II.
Sequencing reads were aligned to the human genome hg18 using TopHat (Trapnell et al, 2009 ) that takes into account reads coming from splicing junctions (parameters were set to default). The expression level of all RefSeq transcripts was evaluated using Cufflinks (Trapnell et al, 2010) , and a FPKM (fragments per kilobase of transcript per million fragments mapped) was calculated for each transcript (the parameters were left to default and hg18 RefSeq GTF table was used to define the transcripts). Differences in gene expression levels between the CRTL and PALB2 and BRCA1 depleted samples were assessed by Cuffdiff and calculated as log2 (fold change).
Clustering and Heatmap analysis
ChIP-seq data were subjected to unbiased clustering, with respect to a list of unique RefSeq genes or U snRNA genes, using the seqMIN-ER 1.3.2 platform (Ye et al, 2011) . We used Kmeans linear as the method of clustering, with the following parameters: left and right extension = 1.5 kb, internal bins (with respect to the gene body) = 160, number of cluster = 6. seqMINER was also used to generate the heatmaps and the average profiles of read density for the different clusters.
Clustering and heatmap analysis of Illumina bead array data was performed using the beadarray library in R and the heatmap.2 function of gplots.
qChIP ChIP was performed in HeLa, MCF7, and MCF10A as previously described (Baillat et al, 2012) . ChIP eluates from the specific antibodies, control IgG, and input were assayed by real-time quantitative PCR in a 20-ll reaction mixture with the following: 0.4 lM of each primer, 10 ll of iQ SYBR Green Supermix (BioRAD), and 5 ll of template DNA (corresponding to 1/40 of the elution material). Thermal cycling parameters were: 3 min at 95°C, followed by 40 cycles of 10 s at 95°C, and 30 s at 60°C. The strength of ChIP signal was calculated as the amount of immunoprecipitated DNA relative to that present in the input chromatin (% of input).
Lentiviral infection
pSiCo PGKpuro constructs (Ventura et al, 2004) against PALB2, BRCA1, p65/RelA, and a non-targeting control (see Supplemental Material for sequences) were transfected in 293T cells using Metafectene Pro (Biontex) as a carrier. Two different shRNAs were pooled and utilized for to produce viral supernatant for PALB2, BRCA1, and p65/RelA, unless specified otherwise. The supernatant was collected after 24 and 48 h and used to infect MCF10A and MCF7 cells. After 24 h, cells were selected with 2.5 lg/mL puromycin for 48-72 h.
Flavopiridol treatment
Exponentially growing MCF10A cells (70-80% confluency) were treated with flavopiridol at a final concentration of 2 lM; treated and untreated cells were collected after 2 h and subjected to ChIP analysis. Growth suppression curve MCF-7 cells were infected with lentiviral shRNAs against PALB2, BRCA1, and a non-targeting control. After 3 days of puromycin selection, cells were plated at 4 × 10 4 cells/well in 12-well plates in DMEM/F12 medium+5% FBS. Cells were incubated with 10 lM RA for 5 days and counted using a hemocytometer on days 3, 4, and 5. Each data point represents the percentage of viable cells with 10 lM RA compared to untreated cells. Data are average of triplicate wells AE standard deviation.
Gene expression arrays MCF7 cells were infected with different shRNA constructs, stimulated after selection, and 400 ng of total RNA was amplified according to Illumina protocols and hybridized to Illumina HumanHT-12 v4 Expression BeadChip. Three biological replicates were analyzed for each condition. Data were processed using the beadarray library in R. Raw data were transformed to log2 and normalized by quantile normalization; fold changes and statistics were calculated using the LIMMA library in R (Linear Models for Microarray Data). Heatmaps have been created using GPLOT library with default parameters.
qRT-PCR
Total RNA was extracted using Trizol Reagent (Invitrogen), treated 15 min with 10 units of RNase-free DNase I (NEB), and cleaned up on RNeasy columns (Qiagen). cDNAs were synthesized from 2 lg of total RNA using the RevertAid first strand synthesis kit (Fermentas) with random primers. qPCR was performed as already described for ChIP samples, using 15 ng of cDNA. Each sample was run in triplicate. The mean value of the replicates for each sample was calculated and expressed as cycle threshold (C T , cycle number at which each PCR reaction reaches a predetermined fluorescence threshold, set within the linear range of all reactions). The amount of gene expression was then calculated as the difference (DC T ) between the C T value of the sample for the target gene and the mean C T value of that sample for the endogenous control (GUSB).
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